
FA- AlJTOTLNING OF A HYDROGEN HASER BY CAVITY Q HODULATION 1 

G ,  J .  Dick and T.  K. Tucker 

Jet Propulsion Laboratory 

Pasadena, California 1 

ABSTRACT 

A new fast auto-tuner for the Hydrogen M a ~ e r  has been implemented. By 
madulating the cavity Q, a phase shift in the maser output signal i s  
induced which is proportional to the cavity tuning error. T h i s  phase shift 
is detected and fed back to a varactor tuner to stabil ize the cavity 
against long term drifts. Cavitr Q modulation has similarities to two 
other auto-tuning methods, and significant advantages over bo+h o f  them. 
In comparison to line Q modulation, where the frequency s h ~ f t  induced by a 
change i n  the atomic line Q requires a second maser f o r  detection, the high 
chopping frequency allowed by cavity Q modulation gives rise to a phase 
shift which requires only t h e  maser's quartz crystal "flywheeln oscillator 
for detection. In comparison to cavity frequency modulation, statistical 
noise ccnsiderations are almost identical. However, a significant aduan- 
tage is the lack of phase modulation of the maser output, feedback being 
around the null modulation condition. Furthermore, the 0-modulator is a 
valuable analyt I cal tool in maser a1 ignrnent. Its advantage over signal 
injection schemes, which give samewhat lower statistical d e v i a t ~ o n ,  is a 
lack a+ systematic perturbations, Including independence to connecting 
cable lengths, 

We have developed and tested a PIN-diode cavity Q modulator which 
gives no incidental frequency s h ~ f t  over a very wide range a+ operation. 
Modulated at 200 Hz,  it allowed v a r r a t ~ a n s  in maser c a u ~ t r  frequency to be 
cnnpsnsated with a loop gain greater than 1000. Compensation o f  incidental 
amplitude modulation of the output has also been demonstrated. 
Calculations show that long-term stabi 1 i tr of 3 x 1 0 - l V 4 ~  should be 
achievable w i  th trp ical masers. 
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GENERAL -1 DERAf 1 W3 

The hydrogen maser i s  the most s t a b l e  f requency source g e n e r a l l y  
a v a i l a b l e  today f a r  a l l  bu t  the s h o r t e s t  measuring t imes. For very  l o n g  
measur ing t imes  (7  ) l o 4  seconds), i t s  performance t y p i c a l  l y  de te r  i o r a t e c  
due t o  f r equcnc r  d r i f t  o f  the h igh-0 resonant  c a v i t y  necessary t o  s u s t a i n  
o s c i l l a t i o n ,  Va r i ous  schemes a re  used t o  de tec t  t h i s  d r i f t ,  and then t o  
compensate f o r  i t .  T h i s  can be done p e r i o d i c a l l y ,  as p a r t  o f  the setup and 
c a l i b r a t i o n  procedure,  o r  con t i nuous l y ,  i f  a l lowed by the procedure. Three 
s u b s t a n t i a l l y  d i f f e r e n t  types o f  au to - t un ing  methods have been proposed and 
implemented. 

I n  spin-exchanse au to tun inq ,  the l i n e w i d t h  o r  Q o f  the atomic hydrogen 
t r a n s i t i o n  i t s e l f  i s  modulated by a l t e r n a t i n g  the f l a w  o f  atoms i n t o  the 
maser c a v i t y  between two d i f f e r e n t  r a t e s .  The l i n e w i d t h  i s  a c t u a l l y  
broadened by bo th  spin-exchange and e lec t romagnet i c  e f f e c t s .  T h i s  i s  
because, w h i l e  the changing d e n s i t y  modulates the spin-exchange i n t e r a c t i o n  
w i t h  o the r  atoms, changes i n  the r a t e  induce v a r i a t i o n  i n  the r f  ampl i tude,  
and thus  a l s o  I n  the e lcc t rornagnat ic  t r a n s i t i o n  r a t e  bandwidth.  Since the Q 
o f  the atomic l i n e  determines the e f f i c a c y  o f  any p u l l i n g  o f  the o s c i l l a -  
t i o n  away from i t s  cen te r  f requency,  such a  f requency e r r o r  w i l l  be modu- 
l a t e d  by the change i n  the hydrogen f l o w .  The accuracy o f  canpensat ion i s  
j u s t  the accuracy w i t h  which the f requency d i f f e r e n c e  between the two 
s t a t e s  o f  ope ra t i on  can be determined, d i v i d e d  by the f r a c t i o n a l  Q modula- 
t i o n .  Measurement o f  t h i s  f requency d i f f e r e n c e  t o  the h i ghes t  p o s s i b l e  
accuracy takes 1000 seconds o r  mare and r e q u i r e s  a second maser w i t h  equi -  
v a l e n t  s t a b i l i t y .  

An advantage of t h i s  scheme i s  t h a t ,  t o  the ex ten t  t h a t  the O modula- 
t i o n  i s  due t o  s p i n  exchange, the f requency o f f s e t  due t o  t h i s  same 
mechanism i s  a l s o  e l i m i n a t e d ,  g i v i n g  increased accuracy t o  the tuned f r e -  
quency. The p r i n c i p l e  disadvantages a re  the need o f  a  second maser t o  use 
as a  re fe rence ,  and the r e l a t i v e l y  l o n g  term f requency s h i f t s  t h a t  r e s u l t  
f rom the modu la t ion ,  making maser ou tpu t  unusable d u r i n g  the t u n i n g  
process.  

I n  s i a n a l  i n j e c t  i on  au to tun  i nq , l  r 2  the f requency o f f s e t  o f  the cau i  tr 
resonato r  i s  de tec ted  due t o  the d i f f e r e n c e  i n  c a v i t y  response a t  two 
f r equenc ies ,  e q u a l l y  spaced f rom the maser o p e r a t i n g  f requency,  b u t  f a r  
enough f rom i t  t o  p reven t  i n t e r f e r e n c e  w i t h  i t ,  The i n j e c t e d  s i g n a l s  a re  
generated by o f f s e t t i n g  the f requency o f  the maser ou tpu t  s i g n a l  and, 
t h e o r e t i c a l l y ,  can be much l a r g e r  i n  ampl i tude,  a l l o w i n g  an e x c e l l e n t  
s i gna l - t o -no i se  r a t i o  t o  be ob ta ined  f o r  the i n f e r r e d  c a v i t y  f requency 
o f f s e t .  The d i f f i c u l t y  w i t h  s i g n a l  i n j e c t i o n  methods i s  t h a t  n e a r l y  com- 
p l e t e  c a r r i e r  suppress ion i n  the i n j e c t e d  s i g n a l  i s  r e q u i r e d  t o  p reven t  
i n t e r f e r e n c e  w i t h  maser ope ra t i on .  T h i s  i s  because phase i n s t a b i l i t i e s  
anywhere i n  the r e c e i v e r  and e l e c t r o n i c s  used t o  generate and t r a n s m i t  the 
i n j e c t e d  r f  s i g n a l s  w i l l  modulate the f r equency -pu l l i ng  e f f e c t  o f  such a  
c a r r i e r .  The r e s u l t i n g  f requency o f f s e t  o f  the maser ou tpu t  i s  g i ven  by 

1 )  SFIF = ((pc/ph)X / a h ) @ ~ i n +  

where Ph and PC are the hydrogen ou tpu t  and i n j e c t e d  c a r r i e r  powers, r es -  



p e c t i v e l r ,  Qh i s  the hydrogen l i n e  0, and O i s  the phase d i f f e r e n c e  between 
the I n j e c t e d  c a r r i e r  and the hydrogen 5 1  n a l ,  For a  t i n e  Q o f  10' and 

1 2  
r e q u ~ r e d  f requency s t a b i l i t y  SF/F = 10- somc combinat ion o f  o v e r a l l  
phase s t a b i l i t y  and c a r r i e r  suppress ion o f  120db compared t o  the s i g n a l  
power are r e q u ~ r e d  by EQ 1 ) .  Since the phase o f  a suppressed c a r r i e r  i s  
u s u a l l r  n o t  w e l l  c ~ n t r w l l e d ,  the e n t i r e  burden i s  p laced  on i t s  magnitude. 
T h i s  problem has no t  g e n e r a l l y  been addre5sed by proponents a f  the 
technique.  

The i n j e c t e d  f r equenc ies  can be e i t h e r  a p p l i e d  s i m u l t a n e o u s l ~  o r  
s e q u e n t ~ a l  l r .  I f  the s i  y n a l s  are appl i e d  toge ther ,  the  requi rement  f a r  
c a r r i e r  suppress ion i s  passed on t o  the i n j e c t i o n  e l e c t r o n i c s  I n  a 
s t r a i g h t f o r w a r d  manner. S ~ n c e  the main advantage of the technique i s  the 
improvement I n  s i gna l - t o -no i se  r a t i o  t h a t  r e s u l t s  f rom l a r g e  I n j e c t i o n  
power, a  va lue o f  

2 1 Pi /'ph=l 00 

hac been proposed. F r m  I ) ,  and f o r  l i n e  Q and s t a b i l i t y  as above, the 
r e q u i r e d  c a r r i e r  suppress ion i s  140db. 

For swi tched- f requency ~ n j e c t i o n ,  some degree o f  c a r r i e r  suppress ion 
r e s u l t s  f rom the modu la t ion  index o f  "10 i m p l i e d  by the  o p e r a t i n g  
conditions s p e c i f l e d  i n  Ref.  2. However, t h i s  i s  overcome by the l a r g e r  
i n j e c t i o n  power which j u s t i f i e s  the method. A t  i t s  w o r s t ,  w i t h  the 
frequency o f f s e t  f, i n c o r r e c t l y  chosen t o  be an odd m u l t i p l e  o f  the mad- 
u l a t l o n  frequency f,, c a r r i e r  power f o r  square-wave frequency modu la t ion  i s  
g l ven  br 

where Pi and PC are the i n j e c t e d  and c a r r i e r  powers, g i v i n g  a phase- 
dependent f requency v a r i a t i o n  f rom 1 )  and 21 o f  

per  r a d i a n  o f  phase d i f f e r e n c e  between the i n j e c t e d  c a r r i e r  and the maser 
o s c i l l a t i o n .  For c o n d i t i o n s  a5 above, and a  modu la t ion  index f /f -11, 
equa t ion  4 )  i m p l i e s  a s e n s i t i v i t y  o f  about S F / F = ~ ~ ~ O - "  per  rad?an:- an 
u n a r c ~ p  tab1 e  va lue .  

A much g rea te r  degree o f  c a r r i e r  suppression can be accomplished by 
a p p r o p r i a t e l r  a d j u s t i n g  the r a t i o  fuTJf,, w i t h  the s e n s i t i v i t y  t o  f requency 
and duty-cycle v a r i a t i o n ,  and t o  phase v a r i a t i o n s  between the sw i tched  
s i g n a l s  depending i n  d e t a i l  on the r a t i o  chosen. For example, i f  t ime 
spent a t  each f requency i s  chosen t o  be an exact  m u l t i p l e  o f  the p e r i o d  
d e f i n e d  by the f requency o f f s e t  ( fo/f =2N), the s e n s i t i v i t y  o f  the 
rema in ing  c a r r i e r  t o  a  t i m i n g  inaccuracy ST can be shown t o  be g iven  by 

f o r  u n c o n t r o l l e d  phases a t  the two f requencies.  R e s t a t i n g  5) i n  terms o f  
d u t y  c y c l e  7 and modu la t ion  frequency s t a b i l i t i e s  g i v e s  

and, f rom 1 )  and 2) = l o - ' ,  



f o r  Q=IO' and SF/F=~O-" .  I f  the two i n j e c t e d  f requencies could be ron-  
t r o l l e d  so t h a t  they were exac t l y  i n  phase a t  the swi tch ing  po in ts ,  the 
dependence on duty cyc le  would be zero t o  f i r s t  order, a much more a t t r a c -  
t i v e  s i t u a t i o n .  There would remain, howeuer, a s e n s i t i v i t y  t o  any A.M.  a t  
the sw i t ch ing  p o i n t s  o f  the modulat ion cyc le .  These aspects i nd i ca te  the 
c a n p l e x i t r  associated w i t h  any r e a l i s t i c  s o l u t i o n s  t o  the c a r r i e r  suppres- 
s ion  problem, 

Cav i ty  modulat ion a u t ~ t u n i n ~ ~ ~ ~  i s  s i m i l a r  t o  s igna l  i n j e c t i o n ;  i n  
both cases the electromagnetic response o f  the c a v i t y  t o  microwave s igna ls  
i s  used t o  determine i t s  frequency r e l a t i u e  t o  the maser opera t ing  f r e -  
quency. The d i f f e rence  i s  tha t ,  ins tead of modulat ing the s igna l  d r i v i n g  
the c a v i t y ,  some proper ty  o f  the c a v i t y  i t s e l f  i s  var ied.  For very r a p i d  
modulat ions o f  e i t h e r  the c a v i t y  Q or i t s  frequency, the output s igna l  from 
the hydrogen atoms remains r e l a t i v e l y  constant,  r e s u l t i n g  i n  a modulat ion 
o f  the amplitude or phase, respec t i ve l y ,  o f  the c a v i t y  output s igna l ,  even 
when i t  i s  p e r f e c t l y  tuned. I f  the c a v i t y  i s  mistuned, a complementary 
phase or  amplitude modulat ion r e s u l t s  which i s  p ropor t i ona l  t o  amaunt o f  
mistuning.  Th is  can be detected by means of a phase-srnsi t iue a m p l i f i e r ,  
and the s igna l  used t o  co r rec t  the c a v i t y  frequency. 

The inherent  l i m i t  t o  pe~formance a t  long averaging t imes f o r  a maser 
s t a b i l i z e d  i n  t h i s  war i s  determined by thc phase or  amplitude noise o f  the  
output  s i g n a l ,  depending on the type of modulat ion used, a t  the modulat ion 
frequency, i n  r e l a t i o n  t o  the s igna l  power. I n  t h i s  case, the autotuning 
power i s  j u s t  t ha t  ava i l ab le  from the maser. For f requencies o f  i n t e r e s t ,  
namely those la rge r  than the inverse o f  the hydrogen response time, the 
noise i s  t y p i c a l l y  due t o  the fo l l ower  a m p l i f i e r ,  being i d e n t i c a l  i n  phase 
and ampli tude, and independent of the modulat ion frequency. For t h i s  
reason, l i m i t s  t o  performance are near l y  i d e n t i c a l  f o r  the two types o f  
modulat ion. Furthermore, s ince t h i s  same source o f  noise duninates maser 
performance f o r  shor t  t imes, the performance poss ib le  from the s t a b i l i z e d  
maser can be d i r e c t l y  r e l a t e d  t o  tha t  o f  the rune u n i t  a t  shor t  t imes 
w i thou t  s t a b i l i z a t i o n .  Ca lcu la t i on  o f  t h i s  r e l a t i o n s h i p  i s  presented i n  
the f o l l o w i n g  sec t ion .  

Systematic e r ro rs ,  wh i l e  i nhe ren t l y  smaller than f o r  s igna l  i n j e c t i o n ,  
determine many aspects o f  the design o f  the modulator. Because o f  the 
l a rge  modulat ion cmplementary t o  tha t  being used t o  detec t  the c a v i t y  
frequency dev ia t i on ,  any cross-modulat ion e f f e c t s  w i l l  g ive  r i s e  t o  i n f e r -  
r e d  c a v i t y  frequency deu ia t ian ,  and thus t o  frequency e r r o r s  i n  the s ta -  
b i l i z e d  system. On the other  hand, v a r i a t i o n  o f  the magnitude o f  the 
des i red  modulat ion on ly  causes a change i n  s e n s i t i v i t y  t o  frequency e r r o r .  
As an example, i f  i nc iden ta l  frequency modulat ion Af=SFCQc/FC a e c m p a n i ~ ~  
an intended Q-modulation A =SQ/Qc, a systematic change i n  the output  frr- 
qucncy would r e s u l t  g iven bg 

where a, i s  the nominal c a v i t y  Q, Phase s h i f t s  b c t w e ~ n  the modulator and 
c a v i t y  cauar s i m i l a r  e f f e c t s .  The advantage o f  the modulator i s  t h a t  i t  can 
be constructed o f  a f e w  e l e c t r o n i c  compon~ntr  p laced d i r e c t l y  a t  the maser 
c a v i t y .  No cable lengths need t o  be interposed between i t  and the c a v i t y ,  
the thermal environment i s  very we l l  c o n t r o l l e d ,  and the device can be 
designed f o r  i n s e n s i t i v i t y  t o  the d r i v i n g  s igna l  a t  the designed opera t ing  
points.  Thc c r u c i a l  aspects i n  tho design of the modulator are i t s  long- 



term s t a b i l i t y ,  and the s e n s ~ t i v i t y  o f  ~ n c l d e n t a l  c rass  m o d u l a t ~ a n  t o  
v a r i a t i o n  i n  i t 5  d r i v i n g  s ~ g n a l ,  

To da te ,  l o n g  term s t a b i l i t y  measurements have o n l y  been presented f o r  
c a v i t y  f requency madu la t tan ,  even though Q m o d u l a t ~ o n  has same s u b s t a n t i a l  
aduantages. These Inc lude  the e l i m t n a t i o n  o f  i n c i d e n t a l  phase modu la t ion ,  
whrch 1s zero  i n  the locked  c o n d i t ~ a n ,  and r t s  a v a t l a b i l i t y  f o r  use t o  
c a l i b r a t e  and c h a r a c t e r i z e  maser performance as a f u n c t i o n  o f  c a u t t y  Q. In 
a  f o l l o w i n g  s e c t i o n  Me present  the deslgn f o r  such a  Q-modulator and 
r e s u l t s  o f  ope ra t i ona l  t e s t s  i n  a  hydrogen maser. The modulator  usas a PIN 
diode a5 the a c t r v e  element, and, when pruperly tuned, shows no i nc rden ta l  
f requency modu la t ion .  

W L Y S I  S 

I n  t h i s  s e c t i o n ,  an a n a l y s t s  o f  a u t o t u n ~ n g  by c a v ~ t r  modu la t ion  i s  
p resen ted  which shows t h a t  the performance o f  the s t a b i l i z e d  maser can be 
r e l a t e d  i n  a p a r t i c u l a r l y  s imple manner t o  t h a t  o f  the same u n i t  a t  s h o r t  
t imes  w i t h o u t  s t a b i l i z a t i o n .  T h i s  can be done because the same a d d i t i v e  
a m p l ~ f r e r  no ise  l i m i t s  the s t a t t s t i c a l  performance I n  bo th  cases. I n  
p a r t ~ c u l a r ,  expresstons are der tued  f o r  the cross-over t ime 'f,, where the 
1JT performance which c h a r a c t e r i z e s  the u n s t a b i l i z e d  maser, and the 114T 
s t a b ~ l i z e d  performance a r e  equal t o  each o t h e r .  7, has a va lue o f  approx- 
tma te l r  one second f o r  t y p i c a l  c o n d ~ t ~ a n s .  Square wave modulat ron i s  
e r p l  ~ c l t l y  i nc l uded  i n  the t rea tment ,  s lnce  t h l s  m i n l m i r c s  the problem of 
d e s ~ g n ~ n g  ou t  s r s t e m a t ~ c  e r r o r s  due t o  cross-modulat ion,  as  w i l l  be 
d iscussed  i n  the f a l l o w ~ n g  s e c t ~ o n .  Both Q-modulat~on and ampl i tude 
modu la t ion  are t r e a t e d ,  s h w ~ n g  o n l y  smal l  d r f f e r e n c e s  between them I n  
r e g a r d  t o  s t a t i s t i c a l  p r o p e r t ~ e s .  

The (one-s ided)  s p e c t r a l  d e n s i t ~ e s  o f  phase and amp1 t tude  f l u c t u a t t o n  
due t o  a d d i t ~ v e  na tse  are equal i n  va lue and g iven  by5 

8 1 S 6 C f )  = S g v / v ( f l  = kTF/Po 

where k 1 9  Boltzman's cons tan t ,  T the temperature,  F the no i se  f a c t o r  o f  
the  maser r ece rve r ,  and Po the ou tpu t  power, Thrs  p w e r  IS. r e l a t e d  t o  the 
more commonlr used i npu t  power f rom the hydrogen Ph by 

where Q, i s  the e x t e r n a l  Q o f  the c a v i t y  and Q t h e  loaded Q. The A l l a n  
var iance  of f requency f l u c t u a t i o n s  i n  the maser ou tpu t  due t o  the e f f e c t  o f  
w h i t e  phase no ise  as g iven  by 8 )  i s  gtuen by5 

where B i s  the bandwidth o f  the measuring system, and Fo i s  the o p e r a t i n g  
f requency.  Note t h a t  t h i s  va lue i s  3/2 t imes l a r g e r  than the romnonl r  used 
exprcss jon  f o r  the " va r i ance "  due t o  a d d i t i v e  w h ~ t e  no ise,6 bu t  which does 
n o t  correspond Za usual  da ta - t ak i ng  procedures. 

The e f f e c t  o f  t h i s  same no ise  on the var iance  of  phase or  f r a c t i o n a l  
amp l i tude  f l u c t u a t ~ o n s  1s s i m i l a r l y  g iven  by 



-I 
I 

I 

I -* _ 
I 

11) z d&v/v ' = kTF/(2PoT). 

T h i s  can be d i r e c t l y  r e l a t e d  t o  a  necessary u n c e r t a i n t y  i n  the i n f e r r e d  

1 
c a v i t y  f requency,  due t o  any phase o r  ampl i tude measurement, through the 
s l opes  o f  phase and ampl i tude w i t h  r espec t  t o  f requency shown i n  F igu re  1. 
The s lopes  i n d i c a t e d  i n  the f i g u r e  are the maximum i n  each care. For the 
case of phase v a r i a t i o n  i t  i s  g iven  by 

12) d9/dFc = 2Q,/F, 
I 
i 

f r om which the u n c e r t a i n t y  i n  c a v i t y  f requency can be der ived ,  w i t h  11) 1 
i 
i 

13) d s ~ c  = tFo/(20,))d*. 1 

I f  the loop  i s  c losed ,  i n f e r r e d  v a r i a t i o n s  i n  c a v i t y  f requency w i l l  cause I 
l 

i t  t o  bc i n c o r r e c t l y  compensated, g i v i n g  v a r i a t i o n s  i n  the ou tpu t  f requency I 

wh ich i s  p u l l e d  by the c a v i t y  m i s tun ing .  S inc r  the p u l l i n g  a f  the ou tpu t  I 

f requency i s  g iven  by 
i 

which, toge ther  w i t h  13) g ives ,  

I 

combin ing w i t h  111 g i v e s  
1 

f o r  the  necessary va r i ance  o f  f r a c t i o n a l  f requency v a r i a t i o n s  under c losed 
loop c o n d i t i o n s .  The cross-over between t h i s  express ion,  w i t h  a 
l o g a r i t h m i c  s lope  o f  -1/2, and the un locked maser no ise  g iven  by 10) w i t h  a 

I 
I 

s l o p e  o f  -1 i s  found t o  be g iven  by I 

wh ich f o r  t y p i c a l  condi  t i ons  g i ven  by: WZOHz,  Q~=Io', FO=l .42GHz, becomes 
I( 

18) Tc = 3.01 seconds. 

Such a crass-over t ime i s  shown i n  F igu re  2. 
I f  the c a v i t y  w e r e  detuned so t h a t  the o p e r a t i n g  f requency l a y  a t  the 

p o i n t  o f  maximum s lope  o f  the amp1 i t u d e  curve shown i n  Figure  i ,  a s i m i l a r  
in fe rence  c o u l d  be made as t o  necessary f l u c t u a t i o n s  i n  ou tpu t  f requency i f  
measurement o f  the c a v i t y  f requency were i n f e r r e d  f rom the r e s u l t i n g  ampl i -  
tude.  A s  12) we have 

191 dv/dFc = 4voGlc,/( 3 ' " ~ ~ )  

and f o l l o w i n g  an i d e n t i c a l  procedure beg inn ing  again w i t h  1 1  r e t u r n  a 
va lue  f o r  by2 which i s  l a r g e r  by 27/4 than t h a t  g iven  by 16)  and a va lue 
f o r  T, sma l l e r  by the same f a c t o r .  T h i s  g i v e s  an apparent disadvantage t o  
the f requency-modulat ion technique,  bu t  one t h a t  i t  recovers,  as i s  shown 



below. 
I Sa f a r ,  t h i s  has been a  c a l c u l a t i o n  i n  p r i n c i p l e ,  s ince  no mechanism 
I 

I has been i nc l uded  t o  a l l o w  a  measurement o f  the phase o f  the s i g n a l  f rom 
the maser c a v i t y .  F i gu res  3 and 4 show the phase and ampl i tude v a r i a t i o n s  

4 
I A0, and dV which r e s u l t  f rom r a p i d  Q and frequency modu la t ion  i n  the 4 
I 
I presence of an o f f s e t  between the c a v i t y  f requency Fc and o p e r a t i n g  

f requencr  Fh. Cons ider ing  the case o f  Q-modulat ion e x p l i c i t l y ,  i ns tead  o f  
b 121, we w r i t e  2 

I where dq=ABc/Qc i s  the f r a c t i o n a l  Q modu la t ion ,  and AFc i s  the f requency 
I o f f s e t  between Fh and F,. C m b i n r n g  w i t h  the p u l l i n g  e q u a t ~ o n  1 4 )  g lues ,  

i n  a manner analogous t o  15) 

21 1 6, = QA4/C PAq Qh 1 . 
I The va r i ance  f o r  the phase d i f f e r e n c e  bd4 shown i n  F igu re  3 i s  a l s o  no t  the 

same as t h a t  g i ven  by 11),  b u t  i t  1s easy t o  eva lua te  f o r  the case o f  
square wave modu la t ion .  I f  one h a l f  o f  the t i m e  i s  spent i n  each s t a t e ,  
the va lue  g iven  by 111 would double,  e f f e c t i v e l y  t a k i n g  7 t o  a new va lue 

i 

2 .  The d i f f e r e n c e  between two such q u a n t i t i e s  w i l l  again double the 1 
1 

square o f  the var iance ,  g ~ v i n g  I 

which,  when combined w i t h  211, g i v e s  a  va lue  o f  

23) by2 = ~ T F / ( z ~ ~ ' Q ~ '  po l )  

f o r  the va r i ance  and 

f o r  the cross-over t ime.  For dq2=2, and the c o n d i t i o n s  as desc r i bed  above, 
a  va lue  o f  

25) T, = ,375 seconds 

i s  o b t a ~ n e d ,  as p l o t t e d  i n  F i g u r e  3. 
For f requency modu la t ion ,  t he re  i s  an apparent va lue  t o  choose f o r  the 1 

1 
f requency d e v ~ a t i o n ;  i t  i s  j u s t  t h a t  w h ~ c h  maximizes the s lope .  Tak ing  
t h a t  o f f s e t  ( a  f r a c t i o n a l  displacement o f  1/(48Q) o f  the c a v i t y  f requency) ,  
modu la t ion  as shown i n  F igu re  4 g i v e s  a s i g n a l  s t r e n g t h  of  

3 

26 1 Av/v = 80,d~,/( 33'2~,) 

p r o p o r t i o n a l  t o  the f requency o f f s e t  AF,, as I n  2 0 ) .  Again,  account ing  Tor 
the s t a t i s t i c s  of modu la t ion  we have 

i 

* 
27 1 ddY,," = 2kTF/(PoT1 i 

as i n  22) and 



f o r  the variance, g i v ing ,  again w i t h  10) 

f o r  the crossouer t ime, and 

30 1 T, = ,447  seconds 

f o r  the cond i t i ons  as above, showing a s l i g h t  advantage fo r  the frequency 
modulat ion method. Th is  would be reversed, i f  a Q-modulator cou ld  be 
designed which, instead o f  dissipating energy i n  the c a v i t y ,  e i t h e r  
enhanced i t  or  t ransmi t ted  i t  t o  the rece ive r .  Variance values ca l cu la ted  
here are somewhat h igher than those est imated i n  R e f .  1. 

The reference s igna l  f o r  phase measurements can be provided by a 
quartz  c r y s t a l  o s c i l l a t o r .  As i s  demonstrated i n  F igure 2, f o r  t imes 
corresponding t o  a modulat ion f requencies of lOOHz the phase noise from the 
maser, as ca lcu la ted,  w i l l  be the dominant c o n t r i b u t i o n  t o  measurement 
unce r ta in t y ,  

PIN DIODE MODULATOR 

Figures 3 and 6 show block and schematic diagrams o f  an autotuned 
maser us ing  a PIN diode Q-modulator.  Cav i ty  tun ing was accomplished us ing 
a var icap diode ex terna l  t o  the maser physics package. The modulator 
i t s e l f  i s  p laced i n  the vacuum space and i s  mounted d i r e c t l y  on the 
resonant c a v i t y  i t s e l f .  F i r s t  t e s t s  on a test-bed maser were e n t i r e l y  
ouccessfu l ,  w i t h  the locked loop sus ta in ing  i t s  aperat ion f o r  i n d e f i n i t e  
per iods  o f  t ime, and f o r  a wide v a r i e t y  o f  t i m e  constants. 

I n  the design o f  the PIN-diode modulator an attempt was made t o  m in i -  
m i z e  as much as poss ib le  any v a r i a t i o n  o f  the systematic c o n t r i b u t i o n  of 
the modulator and i t s  support equipment t o  the maser output frequency. To 
tha t  end, i t  seems necessary t o  use square-waue modulat ion; wh i l e  i t  might 
be poss ib le  t o  make the tun ing p r o p e r t i e s  o f  the modulator i nsens i t i ve  t o  
the d r i v i n g  cond i t i ons  a t  the end po in ts ,  i t  would be d i f f i c u l t  t o  accom- 
p l i s h  t h i s  throughaut the range of  i t s  operat ion.  

F igure 7 s h w s  schemat ical ly  the tun ing p r o p e r t i e s  o f  three poss ib l y  
usefu l  modulators. O f  there,  the curve labe led C i s  c l e a r l y  super io r ,  w i t h  
no detuning anywhere i n  i t s  range, Curve 0 i s  l e s s  des i rab le ,  but s t i l l  
workable. I t  would be necessary t o  minimize the swi tch ing  t i m e  because of  
detuning e f f e c t s  i n  i t s  mid-range, but  equal t un ing  e f f e c t s  a t  i t s  two end 
p o i n t s  means that  duty cyc le  s e n s i t i v i t y  i s  not a problem. Curve A i s  
c l e a r l y  the worst,  showing i n s e n s i t i v i t y  t o  app l ied  cur rent  i n  the h i g h l y  
lossy  s t a t e  as requ i red ,  but  r e q u i r i n g  ca re fu l  con t ro l  o f  the duty cyc le  
s ince f requencies a t  the end p o i n t s  are d i f f e r e n t .  The zero-current s ta te ,  
shown a t  the o r i g i n ,  i s  i nhe ren t l y  i n s e n s i t i v e  t o  ex terna l  c i r c u i t  in -  
s t a b i l i t i e s ,  s ince the diode i s  i n  an open-c i rcu i t  cond i t i on  a t  tha t  p o i n t .  
We f i n d  t h a t ,  depending on i t s  tuning,  our modulator f o l l o w s  c l o r e l y  curves 
A or  C.  I t s  opera t ion  can be understood as fo l l ows ,  

I f  the c i r c u i t  diagram f o r  any passive device coupled t o  an e lec t ro -  



magnet ic resonato r  i s  redrawn i n  the  form shown i n  F igure  8, the e f f e c t  of 
the c i r c u i t  on the p r o p e r t i e s  o f  the resonato r  take a p a r t i c u l a r l y  s imple 
form. I n  t h i s  case  the l o a d i n g  Q1 and f requency s h i f t  are g i ven  by 

and 1 

 here E, i s  the energy s t o r e d  i n  the resonato r  and e m f  i s  the open c i r c u i t  
vo l t age  coupled t o  the c i r c u i t  r e s u l t i n g  f rom t h a t  energy and the c o u p l i n g  
c a n f i g u r a t i o n .  Reduced t o  t h i s  form, i t  i s  apparent t h a t  f requency s h i f t s  
can be seen t o  be due o n l r  t o  an e f f e c t i v e  capaci tance ( p o s i t i v e  or 
n e g a t i v e ) ,  and added losses  o n l r  t o  the e f f e c t i v e  r e s i s t a n c e .  

The equ i va len t  c i r c u i t  o f  the P IN  modulator  shown i n  F igu re  6 i s  g iven  
i n  F i g u r e  9, s h o t ~ i n g  the loop inductance L C ,  t u n i n g  c a p a c i t o r  C t ,  
i n c i d e n t a l  inductance L i ,  and the PIN d iode parameters Rp and C p .  I f  the 
capacitance Cp i s  a cons tan t ,  t he  c i r c u ~ t  as shown i s  s u f f i c i e n t  t o  g iue 
performance C as  shown i n  f i g u r e  7 .  T h i s  i s  accomplished by t u n i n g  the 
v a r i a b l e  c a p a c i t o r  C t  s o  t h a t  i t s  reactance 1 5  equal and oppos i te  t o  t h a t  
o f  the sum o f  the two inductances. I n  t h a t  case R e f +  i n  F ~ g u r e  8 becomes 
Rp and C e f f  becomes C p .  Since Cp i s  assumed cons tan t ,  o n l y  a cons tan t  
f requency s h i f t  r e s u l t s  under any c i rcumstance,  changing R a f f e c t s  o n l y  P 
the Q S p e c i f i c a t i o n s  f o r  PIN diode parameters o f t e n  show an e f f e c t i v e  
p a r a l l e l  capac i tance which has one va lue under back b iased  c o n d i t i o n s ,  and 
another when r e s i s t i v e .  The a d d i t i o n  o f  R t  i n  F i gu re  10 would a l l o w  
compensation f o r  such a c h a r a c t e r i s t i c .  

We do no t  + i n d  any evldence of v a r i a t i o n  i n  Cp as the PIN diode 
r e s i s t a n c e  i s  v a r i e d  by a  changing c u r r e n t  through the d l ~ d e . ~  We chose t o  
des ign t h e  modulator  f u r  " low 0" ope ra t i on ,  w i t h  the reactances assoc ia ted  
w i t h  LC and C t  about equal t o  the l o a d i n g  r e s ~ s t a n c e  o f  the diode i n  the 
"on"  c o n d i t i o n .  The va lue o f  t h i s  r e s i s t a n c e  was about 100 ohms. The Q o f  
the c a u i t r  c o u l d  be reduced f a r  below i t s  numinal " low 0" value by f u r t h e r  
r e d u c t i o n  o f  RF  t u  10 ohms or  below. The t u n ~ n g  procedure i s  t o  a d j u s t  f o r  . 
n o m i n a l l ~  z e r o  f requency s h i f t  i n  t h i s  ve ry  low G! c o n d i t i o n  where any 
imbalacce b e t w e n  Lc+Li and C t  i s  exacerbated. Us ing t h i s  procedure, no 
t u n i n g  e f f e c t s  c o u l d  be de tec ted  betla~een h i g h  and low Q s t a t e s  o f  the 
modu la to r ,  
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A n a l y s i s  o f  severa l  types o f  au to - t un ing  schemes has been presented 
w i t h  p a r t i c u l a r  a t t e n t i o n  t o  bo th  s t a t ~ s t i c a l  and systemat ic  e r r o r s  i n  
cav i t y -modu la t i on  and s i g n a l  i n j e c t i o n  !methods. Systematic v a r i a t i o n s  due 
t o  incornpletr  c a r r i e r  s u p p r e s s ~ o n  i n  s i g n a l - ~ n j e c t i o n  methods a re  found t o  
be a  ve ry  s u b s t a n t i a l  d i f f i c u l t y ,  p robab ly  outweighing any s t a t i s t i c a l  
advantage. S t a t i s t i c a l  a n a l y s i s  a* c a v i t y  Q- and frequency-modulat ion 
methods show t h e m  t a  be e s s e n t i a l l y  i d e n t ~ c a l  i n  t h i s  regard ,  w i t h  l i m i t i n g  
pe r fo~mance  shown t o  be d i r e c t l y  r e l a t e d  t o  t h a t  o f  the u n s t a b i l i z e d  maser. 

A PIN-diode Q modulator  has been designed, cons t ruc ted  and t e s t e d  
which s h ~ w s  no observable i n c i d e n t a l  f requency modu la t ion .  F i r s t  t e s t s  on 



a test-bed maser were e n t i r e l y  successful ,  w i t h  the locked loop sus ta in ing  
i t s  operat ion f o r  i n d e f i n i t e  per iods  of t ime, Operation o f  t h i s  r e l a t i v e l y  
low performance u n i t  was not  adversely a f f e c t e d  i n  any way by the e f f e c t s  o f  
the modulator.  Fur ther  t e s t s  are underway. 
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Figure  5 
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F l g u r e  7 
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F i g u r e  8 
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Ftgure 9 
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QUESTIONS AND ANSWERS 

H A R R Y  WANG, HUGHES RESEARCH LABORATORY: 
I n  your  a p p r o x i m a t i o n  of  your  f r e q u e n c y  v a r i a n c e ,  I don ' t  see a term f o r  t h e  s p i n  
exchange .  

M R .  DICK: 
No, t h i s  is j u s t  c a v i t y  p u l l i n g ,  p u r e  and s imp le .  

M R .  WANG: 
B u t  i n  c a v i t y  p u l  l i n g ,  i n  t h e  c a s e  o f  t h e  h y d r o g e n  m a s e r ,  s p i n  e x c h a n g e  o f f s e t  
has a  q u a d r a t i c  d e p e n d e n c e .  T h i s  i s  i n  c o n t r a s t  t o  f r e q u e n c y  m o d u l a t i o n ,  w h i c h  
h a s  a  l i n e a r  d e p e n d e n c e .  T h e  m a s e r  o f f s e t  i s  l i n e a r  w i t h  t h e  c a v i t y  f r e q u e n c y  
o f f s e t .  On t h e  o t h e r  hand,  w i t h  Q m o d u l a t i o n ,  f r e q u e n c y  p u l l i n g  is q u a d r a t i c  w i t h  
t h e  Q modu la t ion .  

I 

M R .  DICK: 
T h e n  i f  t h e  Q m o d u l a t i o n  were n o t  h e l d  c o n s t a n t ,  I w o u l d  h a v e  an o f f s e t  t h a t  
v a r i e d  w i t h  time. T h a t  i s  a good p o i n t .  


